Prochlorococcus, the smallest known photosynthetic bacterium, is abundant in the ocean's surface layer despite large variation in environmental conditions. There are several genetically divergent lineages within Prochlorococcus and superimposed on this phylogenetic diversity is extensive gene gain and loss. The environmental role in shaping the global ocean distribution of genome diversity in Prochlorococcus is largely unknown, particularly in a framework that considers the vertical and lateral mechanisms of evolution. Here we show that Prochlorococcus field populations from a global circumnavigation harbor extensive genome diversity across the surface ocean, but this diversity is not randomly distributed. We observed a significant correspondence between phylogenetic and gene content diversity, including regional differences in both phylogenetic composition and gene content that were related to environmental factors. Several gene families were strongly associated with specific regions and environmental factors, including the identification of a set of genes related to lower nutrient and temperature regions. Metagenomic assemblies of natural Prochlorococcus genomes reinforced this association by providing linkage of genes across genomic backbones. Overall, our results show that the phylogeography in Prochlorococcus taxonomy is echoed in its genome content. Thus environmental variation shapes the functional capabilities and associated ecosystem role of the globally abundant Prochlorococcus.
Introduction
Prochlorococcus is the most abundant marine phytoplankton and an important contributor to global primary production (Bouman et al., 2006; Flombaum et al., 2013) . Within the group, there are multiple phylogenetically distinct lineages and the distribution of this diversity has been linked to environmental factors, such as light, temperature and iron availability (Moore et al., 1998; West and Scanlan, 1999; Johnson et al., 2006; Zwirglmaier et al., 2008; Rusch et al., 2010) . It has been suggested that pangenome variability allows Prochlorococcus as a genus to proliferate across many environments (Partensky et al., 1999; Kettler et al., 2007) , but it is unclear how the mechanisms of descent contribute to their evolution and the diversity of local populations. Vertical descent, specifically the transfer of genes through cellular division, and horizontal gene transfer, encompassing the several mechanisms of moving genes between organisms without division, are two ways that genes can arrive in an organism. Based on a 'genomic backbones' concept (Kashtan et al., 2014) , where a stable niche partitioning of sub-populations of Prochlorococcus is proposed, it should follow that phylogeny will largely correspond to the biogeography of the overall gene content. However, the genomic presence of many genes is highly variable as gene gain or loss may be a driving force in the evolution of Prochlorococcus (Kettler et al., 2007) . Variables affecting simple traits such as nutrient acquisition may better explain the flexible gene content than variables associated with complex traits such as light acquisition and DNA repair that require more exchanged genes (Martiny et al., 2013; Brown et al., 2014) . For example, some of these flexible genes are found in association with phosphate acquisition , where the genomes of Prochlorococcus cells in environments with lower phosphate concentrations are enriched in phosphate-acquisition genes (Martiny et al., 2009a) . Although a few sets of flexible genes have well-characterized distributions, we know little about the global biogeography of Prochlorococcus genome content diversity for the whole of the pan genome. Understanding the distribution of phylogenetic and genomic diversity across environments will provide key insight into the selective pressures in the context of vertical inheritance structuring Prochlorococcus genome content and community composition. This will ultimately lead to clarification of the global biogeography of key biogeochemical functions of this marine phytoplankton lineage.
Previous investigations of Prochlorococcus biogeography have characterized phylogenetic diversity using specific genetic markers that reflect genome content to an unknown extent (Bouman et al., 2006; Johnson et al., 2006; Zwirglmaier et al., 2008) . Metagenomics has also been employed to examine Prochlorococcus genomic diversity at smaller regional scales (Hewson et al., 2009; Rusch et al., 2010; Thompson et al., 2013) but not yet on a global scale. Here we examine the biogeography of Prochlorococcus genome diversity, both in terms of phylogenetic and genome content, globally. We first quantify the biogeography of the phylogenetic diversity based on a set of single-copy core genes. We expect that phylogenetic diversity will largely be driven by factors delineating the major ecotype clades, specifically light followed by temperature (Moore et al., 1998; Johnson et al., 2006; Coleman and Chisholm, 2007; Martiny et al., 2009c) . Next we analyze the distribution of the flexible genome content by asking whether there are geographic patterns in gene distributions, whether these patterns are driven by environmental factors and whether there are specific genes that are linked to ocean regions. Finally, we determine the extent to which variation in phylogenetic diversity corresponds with differences in the flexible gene content. Although Prochlorococcus has been well characterized phylogenetically, identifying the factors controlling its genome content diversity across ocean environments is central to understanding the ecological role of phylotypes within a key lineage in marine ecosystems.
Materials and methods
We searched for sample sequences highly similar to known Prochlorococcus genes ; see Prochlorococcus sequence calling below) and used geographic and environmental data to define the spatial distribution of the phylogenetic lineages and flexible orthologous genes. Subsequent analyses used 87 metagenomes for the phylogenetic, core gene distribution and 56 metagenomes for the noncore or flexible gene content analyses.
Metagenomic samples
Metagenomic samples from 226 Global Ocean Sampling expedition (GOS) sites were analyzed in this study (Genbank bioproject PRJNA13694 and European Bioinformatics Institute accession numbers ERX913362-ERX913706). Environmental variables were either measured while sampling (temperature, sample depth, ocean depth, latitude and longitude) or determined from composite monthly objectively analyzed means (nitrate and phosphate) for the relevant locations using the World Ocean Atlas 2009 (Garcia et al., 2010) at a 1-degree and 5-m depth resolution. If the sample's coordinates rounded to a land location, we averaged the values from the adjacent oceanic grid points. Temperature ranged from 12.1 to 37.6°C, sample depth ranged from the surface to 62 m, ocean depth ranged from 0.33 m to 5800 m, nitrate ranged from 0 to 7.54 μmol l − 1 and phosphate ranged from 0.002 to 0.953 μmol l − 1 . We defined regions first by separating between the oceans and then by using the 0.3-μmol l − 1 phosphate contours to delineate equatorial regions (Supplementary Table S1 ).
Reference database
Our reference database was built from 2 Prochlorococcus metagenomic assemblies (high-light III (HLIII) and HLIV-nearly complete except for genomic islands), 41 Prochlorococcus and 15 Synechococcus fully sequenced genomes . We used ProPortal v.4 (Kelly et al., 2012) clusters annotated using the RAST server (Aziz et al., 2008) to define our orthologous groups. The non-core genome consists of 8027 genes found in at least one but not all of the Prochlorococcus whole genomes. The core genome consists of 504 single-copy genes, which are present in each of the Prochlorococcus and Synechococcus genomes and metagenomic assemblies. Prochlorococcus alone had a core genome of 975 genes (Supplementary Figure S1) . Among the full Prochlorococcus genomes, 91.5% are single copy.
Prochlorococcus sequence calling
All pyrosequencing and Sanger metagenomic sequences were co-assembled using the CELERA assembler (Miller et al., 2008) at 92% nucleotide identity. This threshold allowed for consensus assemblies at the species and strain level (Swan et al., 2013) with reasonable computation times. The resulting scaffolds encompass 3 Gbp of contiguous DNA sequence, while 85% of the sequence reads could be mapped back to the assembly. Open reading frames on scaffolds were called using MetaGene (Noguchi et al., 2006) . To determine the putative phylogenetic origin of the scaffolds, each predicted peptide was phylogenetically annotated using Automated Phylogenetic Inference System (APIS) (Dupont et al., 2014) , which annotates according to the position of the peptide within a phylogenetic tree. Thus a peptide 99% similar to a Prochlorococcus protein will be annotated as Prochlorococcus (with the associated taxonomic tree), while a peptide that branches basally within the phylogenetic tree next to Cyanobacteria would only be annotated as Cyanobacteria. The scaffolds were taxonomically annotated at the lowest level for which 450% of the open reading frames had agreement in the APIS calls. All reads mapped to scaffolds defined as Cyanobacteria were then matched against protein-coding regions from our reference database using BLASTn (Camacho et al., 2009 ), e-valueo10 − 5 . To increase confidence in called sequences, we included Prochlorococcus' nearest evolutionary neighbor, Synechococcus, as an outgroup in the sequence calling, but all analyses only examine Prochlorococcus-related sequences.
Phylogenetic analysis
We built a reference phylogeny using the 504 core orthologous groups aligned separately in protein space using TranslatorX (Abascal et al., 2010) with ClustalW (Larkin et al., 2007) and then concatenated the gene alignments (544 614 bp) to build the maximum likelihood tree using Phylip's DNAML (default parameters, constant rate variation model with WH5701 as outgroup and re-rooted with Synechococcus to have a clearer distinction between genera). We analyzed 100 bootstrap resamplings using SEQBOOT (Felsenstein, 2005) . After mapping to protein-coding regions using BLASTn, we used hmmalign from HMMER 3.1b1 (Eddy, 2011) to align sequences to the individual gene reference alignments of the corresponding orthologous group PPlacer (Matsen et al., 2010) coupled with RAxML (GTRGAMMA model) (Stamatakis, 2014) to generate the appropriate phylogenetic model statistics and map the sequences onto the reference phylogeny one core gene at a time, and finally we collapsed single gene branch abundance matrices yielding a phylogenetic distribution across samples (Supplementary Figure S2 ). Clades were defined by previous annotations (Berube et al., 2015) except HLII, which was split into clades with members o10% different (DNADIST, F84 model) and bootstrap values 475 (Felsenstein, 2005) ; deep branches were grouped as in Supplementary Figure S2 . We excluded samples with o500 sequences and rarefied to account for sampling depth biases. After determining dissimilarity (Bray-Curtis), we clustered the samples hierarchically using the 'average' clustering algorithm (R Development Core Team, 2013). We bootstrapped the data to determine the robustness of the cluster signal. We measured the association between sampling regions and phylogenetic clades or deep groups, using a point biserial correlation coefficient (r.g.) corrected for differences in sampling sizes (alpha = 0.05; function 'multipatt'; De Cáceres and Legendre, 2009; Supplementary Table S2) . We used the permutation multivariate analysis of variance test (function adonis; Oksanen et al., 2013) to test if regions explain clade abundance variation. We used a test for homogeneity of multivariate dispersion (betadisper, TukeyHSD; Oksanen et al., 2013; R Development Core Team, 2013) . There was a significant difference in spread between a few of the pairwise combinations in the phylogenetic analysis (Supplementary Figure S4) . This suggested possible differences in both dispersion and location.
Gene content analysis Sequences of high similarity to non-core clusters (best hit, BLASTn, e-valueo10 − 5 ; Camacho et al., 2009) were used in the gene content analysis. We placed a threshold of 1500 sequences per sample and rarefied to account for sampling depth biases. We used the permutation multivariate analysis of variance test (function adonis; Oksanen et al., 2013) to test if regions explain abundance variation. Using sequence similarity to non-core genes (BLASTp), we identified the categories of Clusters of Orthologous Groups of proteins (COGs) from cyanobacterial eggNOG database (Powell et al., 2014) . We measured the association between sampling regions and either COG categories using a point biserial correlation coefficient (r.g.) (Supplementary Table S3 ) or orthologous genes using an indicator value index (indval.g) (Supplementary Table S4) , both corrected for differences in sampling sizes (function 'multipatt', alpha = 0.05; De Cáceres and Legendre, 2009) but not corrected for multiple testing.
Environmental analysis
We used Canonical Correspondence Analysis to determine the most significant variables with forward selection for both the phylogenetic and the genome content signal (Canoco, v4.5; ter Braak, 1986) . Ordination plots were visualized with the 'vegan' package in R (Oksanen et al., 2013) .
Temperature-related genes
We identified 85 potentially low-temperature adaptive genes by first examining orthologous groups with a negative correlation to temperature (r 2 o − 0.3, Po0.027; Supplementary Table S5) . From this set, three of the COGs with the strongest negative correlation temperature and three of the COGs unique or nearly unique to the HLI clade were used in a further analysis. To strengthen the validity of each putatively low-temperature gene, we identified scaffolds assembled from the entire GOS data set with the gene present and identified the nearest two genes closest on each metagenomic assembly (Supplementary Figure S5) . We compared the distribution of all reads mapped to assemblies with the lower-temperature gene against all reads mapped to assemblies with a neighbor present but missing the lower-temperature gene of interest. We normalized read counts to total Prochlorococcus reads in each respective region allowing us to compare across regions, and we normalized to the number of reads in each set of assemblies to compare across COGs. We also identified whether a read mapped to a member of the HLI clade or not based on our previous BLASTn calls (Camacho et al., 2009) .
Phylogenetic versus gene content comparison
To compare the phylogenetic variance with the gene content variance we used the Mantel test in 'vegan' package (function mantel) (Oksanen et al., 2013) to test for a correlation between the phylogenetic and gene content sample dissimilarity matrices.
Results
We analyzed a complete global circumnavigation of 226 metagenomic samples (Figure 1 and Supplementary Table S1 ). With the recent addition of 29 strains to the set of fully sequenced Prochlorococcus genomes , we also created a maximum likelihood phylogeny (Figure 2a ). We first quantified the biogeography of phylogenetic diversity by mapping sequence reads onto this detailed phylogeny and, despite the presence of every clade in every region, we observed unequal lineage representation both in terms of relative abundance and regional distribution (Supplementary Figure S1) . As predicted, Prochlorococcus phylogenetic community composition varied significantly between regions (permutational multivariate analysis of variance (ANOVA), R 2 = 0.47, P = 0.0001; Figures 2b and c).
Prochlorococcus lineages varied in relative frequency among ocean basins. The strongest association was between clade c2, (HLI) and the South Atlantic Ocean and California Current regions (indicator analysis, r.g. = 0.80, P = 0.001). We also found that sequences mapping to clade c1 (HLIII and HLIV) significantly dominated the Equatorial Pacific Ocean samples (indicator analysis, r.g. = 0.53, P = 0.008) and was consistent with a past analysis of these samples from the region (Rusch et al., 2010) . Among HLII clades, c9 (including strain MIT9301) was the most frequent subclade and together with c5, c6 and c7 common across all regions except the California Current, South Atlantic Ocean and Equatorial Pacific Ocean (Supplementary Table S2 ). Although clade c4 was within the HLII group, it corresponded to the same set of regions but was found at lower frequency in the North Atlantic Ocean (indicator analysis, r.g. = 0.64, P = 0.001). Another HLII group, clade c8, was positively correlated with all regions except the South Atlantic Ocean (indicator analysis, r.g. = 0.55, P = 0.001). Most LL clades (c10, c12, c13) correlated significantly with the California Current (Supplementary Table  S2 ), a data set with five samples collected from the subsurface chlorophyll a maximum (Supplementary Table S1 ; Dupont et al., 2015) . All other clades did not differ in their relative abundance among regions.
In a canonical correspondence analysis, nitrate and temperature accounted for most of the variation in phylogenetic diversity among regions. In contrast, phosphate, sample depth (proxy for light availability) and bottom depth (proxy for coastal influence) had smaller significant effects (Table 1 ). The majority of the Equatorial Pacific Ocean samples grouped with a few from the North Indian and South Pacific Ocean samples along the first canonical axis (CCA1). This group of samples predominantly corresponded to environments with higher nitrate (and presumably lower iron) and an elevated frequency of clade c1 (Figure 3a) . The California Current and the South Atlantic Ocean samples negatively corresponded with temperature and positively with sample depth along the second canonical axis (CCA2) and clade c2 (the lower-temperature-adapted HLI clade; Johnson et al., 2006) .
We then determined the biogeography of the Prochlorococcus gene content using the relative frequency of 1663 recovered orthologous groups of non-core genes between sites having at least 1500 reads. Gene content displayed clear biogeographic patterns across regions (permutational multivariate ANOVA, R 2 = 0.16, P = 0.0001). Similar to phylogenetic diversity, gene frequencies were most significantly related to nitrate concentrations and temperature (CCA analysis: P = 0.0001 and P = 0.0002, respectively; Table 1 ). The additional variables (bottom depth, phosphate and sample depth) accounted for smaller proportions of variation. Nevertheless, the North Atlantic Ocean samples appeared to cluster together in a negative association with phosphate concentrations (Figure 3b ), although phosphate was not a significant environmental factor in our forward selection analysis (CCA analysis: P = 0.1092; Table 1 ). The phylogenetic and gene content diversity of Prochlorococcus populations was significantly correlated (R Mantel = 0.72, P = 0.001; Figure 3c ), and thus sample sites more similar in their phylogeny were more similar in their gene content. Of the 1663 flexible genes, 360 were significantly correlated with the phylogenetic diversity (R Mantel 40, Po0.05) and 49 strongly correlated (R Mantel 40.5, Po0.05). Another 584 genes were positively correlated but not significant, likely Table S1 for metadata of each sample site.
because of a lack of information due to rarefaction. The rest had an insignificant negative correlation (R Mantel 4 − 0.17, P ⩾ 0.05).
To understand regional differences in Prochlorococcus functional potential, we grouped non-core genes into functional categories as defined by the COGs (Tatusov et al., 1997) . The COG categories differentiated significantly with respect to region (permutational multivariate ANOVA, R 2 = 0.17, P = 0.0069). Populations from the North and South Atlantic Oceans were enriched for nucleotide transport and metabolism (COG group F, r.g. = 0.564, 0.006) and the South Atlantic, North Indian and South Pacific Oceans for amino-acid transport and metabolism (COG group E; r.g. = 0.048, P = 0.035) (Supplementary Table S3) .
Of the 202 non-core gene clusters significantly differentiating among ocean regions (indicator analysis, Po0.05), 81 (40%) had hypothetical functions (Supplementary Table S4 ). Irrespective of any knowledge about gene function, it is notable that significantly differentiated genes were more often found in genomic islands (34.2%) than all recruited . Moreover, genes in the island regions of Prochlorococcus genomes are among the most dynamic in terms of abundance in the GOS data set (Rusch et al., 2007) . Next we wanted to define possible environmental drivers associated with non-core genes. Some of the most significantly differentiating genes (6 out of the 29, indicator analysis, P = 0.001) were related to phosphate acquisition Scanlan et al., 2009) . Of all significant known phosphateacquisition-related genes, most were positively associated with the North Atlantic Ocean alone (ptrA-a transcriptional regulator related to stress response to phosphorus starvation) or the combined regions of the North Atlantic Ocean and the Equatorial Atlantic Ocean (chrA-a response regulator, phoR-a phosphate regulon sensor histidine kinase, phoA-an alkaline phosphatase, mfs-a major facilitator superfamily transporter, arsA-an arsenate reductase and a gene expressed in MED4 during phosphate starvation-PMM0720; Indval.g, Po0.05; Supplementary Table S4 ). In a biogeochemical context, these regions had lower average annual phosphate concentrations than other regions according to the World Ocean Atlas (Garcia et al., 2010) .
Nitrogen assimilation genes significant in the indicator analysis were almost always associated with the Equatorial Pacific Ocean (Supplementary Table S4 ; Martiny et al., 2009b) . Most were negatively associated specifically with the Equatorial Pacific Ocean and South Atlantic Ocean (napA-a nitrate/ nitrite transporter and moaA-a molybdenum cofactor biosynthesis protein necessary for nitrate reductase) or with these two regions and a third (North Atlantic Ocean: narB-an assimilatory nitrate reductase; South Pacific Ocean: moeA-molydobpterin biosynthesis protein, a cofactor necessary for nitrate reductase; North Indian Ocean: an agmatinase; Supplementary Table S4 ). However, a few nitrogenrelated genes were positively associated with the Equatorial Pacific Ocean (an alkyl hydroperoxide reductase subunit C-like protein, a glutamate Nacetyltransferase involved in the urea cycle) and the Equatorial Pacific and South Atlantic Oceans (a leucine dehydrogenase-which frees ammonium ions from branched-chain amino acids and an ammonium transporter; Supplementary Table S4) .
A set of iron-requiring proteins were frequently under-represented in the Equatorial Pacific Oceanperhaps as an adaptation to lower iron availability (Rusch et al., 2010) . In our analysis, we recovered a small subset of these orthologous genes (5 out of the 17 non-core genes) (Rusch et al., 2010) as significantly differentiating between regions. Of these, all were negatively associated with only the Equatorial Pacific Ocean (an Fe-S oxidoreductase and a transglutaminase) or the Equatorial Pacific and other regions (a transglutaminase, a cytochrome oxidase C subunit and a metal-binding protein homologous to CopG-a protein involved in copper homeostasis).
Nitrate and temperature were the largest drivers in Prochlorococcus community composition, and while the former has tangible physiological and genomic underpinnings, the role of temperature on Prochlorococcus genome content is largely unknown. Using a metagenomic assembly approach to further understand genes underpinning adaptation to lower temperature, we identified a set of orthologous groups negatively correlated to low temperature (Supplementary Table S5 , see Materials and methods). A subset of the most negatively correlated (COGs 6961, 10190 and 6911) and most unique to the cold-adapted c2 (HLI) clade (COGs 29417, 31703 and 31728) were found on assembled scaffolds composed of more sequences from lower-temperature sites in the California Current and the South Atlantic Ocean than other warmer regions (Figure 4) . Further, these sequences mostly mapped to the lower- temperature-adapted c2 (HLI) lineage using BLASTn (Camacho et al., 2009) . In contrast, the syntenic assemblies lacking the lower-temperature genes generally recruited sequences evenly across all geographic regions (Figure 4 , − COG). Of the four genes most negatively correlated with temperature, three were annotated: a possible trypsin 2OG-Fe(II) oxygenase, a dihydroorotase, and a hydrolase-a pseudouridine-5' phosphatase which dephosphorylates a potential intermediate in rRNA degradation. One of the COGs unique to the HLI clade, COG 29417, annotated as a possible glycoprotein. In several of these cases, the genomic neighborhood is fairly conserved across assemblies, while in other cases, the genomic context in the assemblies varies more relative to the cultured strains. (Supplementary Figure S5) . Although the detailed functions are unclear, the geographical distribution of the individual genes and the structure of the genomic neighborhood suggested that specific genes contribute to the adaption of Prochlorococcus to growth at lower ocean temperatures.
Discussion
Questions regarding the relationship between phylogeny and functional gene diversity are critical to understanding the ecological and evolutionary mechanisms structuring microbial populations (Martiny et al., 2009c; Burke et al., 2011; Raes et al., 2011; Wiedenbeck and Cohan, 2011; Brown et al., 2014; Dupont et al., 2014) . Increasing amounts of evidence suggest that using the whole genome rather than simply a single-gene classification is often needed to define microbial lineages and, more importantly, determine its role in the environment (Brown et al., 2014) . Here we observe a positive correlation between phylogenetic and gene content diversity across Prochlorococcus populations. This correlation can be driven by at least three mechanisms that may not be exclusive: (i) genome content is phylogenetically structured, that is, the set of genes an individual has depends on its taxonomy, (ii) the same environmental selective forces shape the distribution of phylotypes and specific genes, or (iii) horizontal gene transfer events could be more prevalent between closely related lineages than observed. Considered together, the geographic patterns of the flexible genes follow those of core genes (Figure 3c ), but there are many examples of flexible genes that are more variable and have distinct patterns. In support of a primarily vertically driven evolutionary history, the gene content of 12 Prochlorococcus strains is largely congruent with a molecular phylogeny based on the core genes, suggesting a strong role of phylogenetic descent (Kettler et al., 2007) . In addition, core gene alleles share evolutionary history with distinct sets of flexible genes in specific field populations of Prochlorococcus (Kashtan et al., 2014) . Populations with these core gene alleles can change in abundance depending on environmental conditions owing to differential fitness of the allele or the associated flexible genes. In our analysis, phylogeny and gene content is not perfectly correlated. This may be because of sampling error but can also be due to fine-scale diversity existing within the defined clades or due to particular sets of genes that vary independent of taxonomy (Kashtan et al., 2014; Pittera et al., 2014; see below) . Divergent genes can be associated with variables that are not measured, such as trace metals, vitamins or ocean mixing. Traditionally, horizontal gene transfer events are identified by finding topologically incongruent gene trees; however, knowing the organismal origin is necessary, but adequate coverage with metagenomic reads can be difficult to obtain especially in highly complex communities (Guo et al., 2015) . Network analyses provide an alternative method to gene phylogenies (Dagan et al., 2008) but still require enough genomic context to identify the taxonomic origin to adequately capture the evolutionary dynamics. Other analyses have been undertaken to identify metagenomic community recombination rates by utilizing metagenomic assemblies (Konstantinidis and DeLong, 2008; Johnson and Slatkin, 2009 Figure 4 Distribution of sequences making up metagenomic assemblies with and without lower-temperature genes. The corresponding sequenced reads for each cold temperature gene were mapped to metagenomic assemblies comprised of pooled sequences from the entire data set (+COG). The two closest neighboring genes were then identified on each metagenomic assembly and used to find assemblies without the lowertemperature gene. Sequences on each of these sets of assemblies, with (+COG) and without (− COG) the cold temperature gene, were distributed across regions. Sequences were additionally subdivided based on sequence similarity to HLI genomes (+HLI) or not (− HLI).
lineage distribution of core genes across oceanic regions; consistent with previous observations (Bouman et al., 2006; Johnson et al., 2006; Zinser et al., 2007; Zwirglmaier et al., 2008; Martiny et al., 2009c) . In addition, o10% of sequences associated with deeper HL nodes (g14), indicating that the current genomes capture a majority of the core gene variation in the surface ocean. Moreover, sequences associated with deeper branches, for example, g14, are distributed similarly to sequences associated with their corresponding tips of the tree (Supplementary Figure S2) . This indicates a reasonable coverage of diversity within the most abundant Prochlorococcus clade.
Although nitrate and temperature explained the most phylogenetic variation, we did not expect to see the same environmental parameters explaining the genome content variability, as temperature preference separates ecotypes deeper in their evolutionary history at roughly 95% sequence similarity of internal transcribed spacer sequences (Martiny et al., 2009c) , for example, HLI is adapted to cooler temperatures than HLII (Johnson et al., 2006) . Nevertheless, temperature remains a strong factor influencing the distribution of the Prochlorococcus flexible gene content. The importance of temperature in this data set for both the phylogenetic and gene content analyses of Prochlorococcus echoes that of the SAR11 group (Brown et al., 2012) , where temperature has a significant effect both on the abundance of phylotypes and the distribution of temperaturerelated genes. Several Prochlorococcus genes significantly associated with colder regions in our readbased analysis are also disproportionately found on assemblies made up of sequences predominantly from colder climates. It is puzzling that some of these temperature-related genes are found in several genomes rather than only the cold-adapted HLI strains, although the main signal from the distribution of sequences on assemblies with the gene clearly come from sequences mapping to HLI genomes. This suggests multiple levels of adaptation to differences in temperature, including ecotype differentiation as well as genome variability within each ecotype. Additionally, the greater variability in the genomic context of environmental assemblies versus sequenced strains suggests that the assemblies are capturing new genomic backbones to some extent. Thus strains in culture may not fully represent Prochlorococcus diversity as it relates to temperature adaptation-as was recently observed for nitrogen assimilation (Martiny et al., 2009b; Berube et al., 2015) . In Synechococcus, variation has been observed in the thermal niches of strains consistent with the thermal range of their isolation location. Rather than following a strict phylogenetic split between high and low temperature, thermal niche variation occurs within clades across its phylogeny (Pittera et al., 2014) .
Phosphate-acquisition genes follow past descriptions based on fewer samples in marine bacteria other than Prochlorococcus, whereby the relative abundance is negatively correlated to nutrient concentrations (Martiny et al., 2011) . Field studies of Prochlorococcus are also suggestive of a similar pattern in phosphorus (Martiny et al., 2009a; Thompson et al., 2013) . Here we observed a positive association of P-uptake genes with regions low in phosphate. That the COG groups (Tatusov et al., 1997) significantly differentiate on categories related to transport and metabolism indicates that broad regional differences among Prochlorococcus are likely related to nutrient supply stoichiometry (Wu et al., 2000) .
Our analysis also identified novel patterns at the global level, suggesting undiscovered links between environmental conditions and the genetic diversity of Prochlorococcus. For example, many genes differentially distributed along the nitrogen gradient. This includes previously identified genes responsible for nitrate uptake present in lower nitrogen waters (Martiny et al., 2009b) as well as a higher frequency of genes related to reduced nitrogen uptake in Equatorial Pacific and South Atlantic Oceans. In an environmental context, average annual nitrate concentrations of these two regions were higher than other regions (Garcia et al., 2010) , and our data suggest that there appears to be a shift in nitrogen assimilation between oxidized and reduced forms of nitrogen, in contrast to phosphate, which simply drives the acquisition or loss of specialized transport. Specifically, significant nitrate/nitrite genes were positively associated with low nitrate regions, whereas significant ammonium/ammonia genes positively associated with regions high in nitrate. We hypothesize that having nitrate uptake genes in regions with nitrogen stress enables those organisms to more efficiently access energetically costly nitrogen compounds. In this system of low nitrogen, organisms are competing heavily for ammonia and urea; the capability to utilize nitrate when it is sporadically available makes them competitive against others. In high nitrogen regions, a decent flow of reduced nitrogen from a variety of sources is available (grazers, leakage of urea from diatoms, degradation), but eukaryotes will be competing heavily for nitrate. Ammonium-related genes here allow individuals to solely rely on energetically cheap reduced nitrogen sources.
A large proportion of the genes differing between regions are still annotated as hypothetical. These genes define Prochlorococcus' biogeography, but we lack the ability to interpret their physiological and ecological role. Of particular interest is developing our understanding of the South Atlantic Ocean, a region that has been limited in its exploration. Eighty-one non-core genes associate with this region alone, and most of these are conserved hypothetical protein (66.6%), with only seven genes found uniquely in a single Prochlorococcus genome.
It is clear that Prochlorococcus harbors extensive genome diversity across the global surface ocean, and our results demonstrate that this diversity is not randomly distributed. Instead, Prochlorococcus genome diversity displays clear regional biogeographic patterns with a strong relationship between its taxonomy and gene content. This diversity, including adaptations to local environmental conditions implied by our results, will likely influence future ocean and atmospheric conditions through changes in phytoplankton community structures (Flombaum et al., 2013) . In particular, understanding the relative strengths of different evolutionary mechanisms will further inform how these dynamic processes will occur. Considering the high abundance of Prochlorococcus, such interactions can have a large impact on future ocean ecosystems and global biogeochemical cycles.
